X-linked inhibitor of apoptosis protein mediates neddylation by itself but does not function as a NEDD8–E3 ligase for caspase-7  by Nagano, Taiki et al.
FEBS Letters 586 (2012) 1612–1616journal homepage: www.FEBSLetters .orgX-linked inhibitor of apoptosis protein mediates neddylation by itself but does
not function as a NEDD8–E3 ligase for caspase-7
Taiki Nagano a,b, Toshiaki Hashimoto a, Akio Nakashima a, Ushio Kikkawa a,b, Shinji Kamada a,b,⇑
aBiosignal Research Center, Kobe University, Kobe 657-8501, Japan
bDepartment of Biology, Graduate School of Science, Kobe University, Kobe 657-8501, Japan
a r t i c l e i n f o a b s t r a c tArticle history:
Received 30 March 2012
Revised 26 April 2012
Accepted 30 April 2012
Available online 11 May 2012
Edited by Barry Halliwell
Keywords:
XIAP
Caspase-7
NEDD8
Ubiquitin
E3 ligase0014-5793/$36.00  2012 Federation of European Bio
http://dx.doi.org/10.1016/j.febslet.2012.04.056
Abbreviations: IAPs, inhibitor of apoptosis proteins
XIAP, X-linked inhibitor of apoptosis protein; NE
expressed, developmentally downregulated 8; GFP, g
hemagglutinin
⇑ Corresponding author at: Biosignal Research C
Rokkodai-cho, Nada-ku, Kobe 657-8501, Japan. Fax: +
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ubiquitin–E3 ligase by itself and for caspases. Recently, NEDD8, a ubiquitin-like modiﬁer, has been
suggested to be used for modiﬁcation of caspase-7 mediated by XIAP. However, it is not clear
whether caspase-7 is a bona ﬁde target for NEDD8. Here we showed that no neddylation of cas-
pase-7 but that of XIAP itself was observed under the conditions in which caspase-7 was modiﬁed
with ubiquitin. These results reveal that XIAP does not function as a NEDD8–E3 ligase for cas-
pase-7 in vivo.
Structured summary of protein interactions:
NEDD8 physically interacts with Caspase-7 by pull down (View interaction)
XIAP physically interacts with NEDD8 by anti-bait coimmunoprecipitation (View interaction)
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The inhibitor of apoptosis proteins (IAPs) are the endogenous
inhibitors for apoptosis, and eight IAPs have been thus far isolated
in mammals [1,2]. They share a conserved region known as the
baculovirus IAP repeat (BIR) domain. On the other hand, caspase
is a family of cysteine proteases that are required for cytokine mat-
uration and apoptosis execution [3–5]. In mammals, caspases with
a large prodomain including caspase-2, -8, -9, and -10 are termed
as the initiator caspases of apoptosis, whereas the enzymes with
a short prodomain comprising caspase-3, -6, and -7 are the effector
caspases of apoptosis. The effector caspases are activated through
proteolytic processing catalyzed by the initiator caspases. X-linked
inhibitor of apoptosis protein (XIAP) is one of IAPs, which contains
three BIR domains and a RING ﬁnger domain. The distinct regions
including each BIR domain bind directly to caspase-3, -7 and cas-
pase-9 to inhibit their protease activity. The RING domain can act
as a ubiquitin–E3 ligase, leading to ubiquitination and subsequent
degradation of pro-apoptotic XIAP counterparts, includingchemical Societies. Published by E
; BIR, baculovirus IAP repeat;
DD8, neural precursor cell
reen ﬂuorescent protein; HA,
enter, Kobe University, 1-1
81 78 803 5972.
).cytosolic Smac/DIABLO [6,7], caspase-9 [7], caspase-7 [8], and
caspase-3 [9,10], as well as XIAP itself [11].
Among the ubiquitin-like protein family, NEDD8 is most homol-
ogous to ubiquitin [12,13]. NEDD8 conjugation is mechanistically
similar to ubiquitination, in that NEDD8 is activated and trans-
ferred to substrates by E1, E2, and E3 enzymes. Unlike the ubiqui-
tin E1 enzymes, which are a single polypeptide, the NEDD8 E1
enzyme is a heterodimer composed of amyloid precursor
protein–binding protein 1 (APP–BP1) and Uba3 protein. The E2
conjugating enzyme for NEDD8 is Ubc12 or Ube2f protein
[14,15]. Dcn1 and Rbx1 are the NEDD8-speciﬁc E3 complex [16–
18], while all other NEDD8 ligases seem to have dual activity for
NEDD8 and ubiquitin. The best-studied and most abundant NEDD8
substrates are the cullin proteins, which are scaffolds for the ubiq-
uitin E3 ligases [16,17,19,20]. Several substrates for NEDD8 have
been identiﬁed such as p53, MDM2, VHL, p73, BCA3, EGFR, L11,
and HIFa [21–27]. The NEDD8 conjugation effects on the function
of target proteins, such as stability, transcriptional activity, and
subcellular localization [21,27,28].
Recently, it was reported that XIAP works as a NEDD8–E3 ligase
by itself and for caspase-7, thereby inhibits caspase-7 activity [29].
On theotherhand, itwas suggested thatNEDD8overexpression trig-
gers NEDD8 activation mediated by the E1 enzymes for ubiquitin,
leading to neddylation of target proteins [30]. Therefore, it is unclear
whether XIAP and caspase-7 are bona ﬁde targets for NEDD8 in vivo.
Here we examined the NEDD8–E3 ligase activity of XIAP forlsevier B.V. All rights reserved.
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detected the neddylation of XIAP mediated by itself, while the efﬁ-
ciency was far less than ubiquitination. Consistent with these re-
sults, no neddylation of caspase-7 was observed under the
conditions where caspase-7 could be modiﬁed with ubiquitin. Con-
sequently, it is plausible that XIAP does not function as a NEDD8–E3
ligase for caspase-7 in vivo.
2. Materials and methods
2.1. Cell culture and transfection
HEK293T (a human embryonic kidney cell line) cells were cul-
tured in DMEM supplemented with 10% fetal bovine serum. Trans-
fection was performed using Lipofectamine (Invitrogen) or FuGENE
HD (Promega) according to the manufacturer’s instructions.
2.2. Plasmid constructions
Construction of pcasp7-Wt-GFP and the XIAP cDNA fragment
cloned into the XhoI-EcoRI site of pBluescript SK() (Stratagene)
were described elsewhere [31,32]. To generate C450A mutation in
XIAP, a PCR method employing mutagenic oligonucleotide primers
was used. The resulting human XIAP fragments with or without
mutation were cloned into the XhoI-EcoRI site of pDsRed-Mono-
mer-C1 (BD Biosciences) to generate pDsRed-XIAP-Wt and pDs-
Red-XIAP-Mu, respectively. The NEDD8 cDNA fragment was
ampliﬁed from a human brain cDNA library with the primers, 50-G
GAGCAGCAATTTATCCGTG-30 and 50-TATGATGCCTCATTATGAGC-30
for the 1st PCR, and 50-TGCAGCCCCAAACTGGAAAG-30 and 50-AGAG
GTAAAATGGAGGGTCC-30 for the 2nd PCR. The resultant fragment
was cloned into pGEM-T Easy (Promega) and sequenced. For con-
struction of His-tagged NEDD8 expression plasmid, the NEDD8
cDNAwas ampliﬁedwith the primers, 50-AGATCTGCCACCATGCTAA
TTAAAG-30 and 50-AGATCTCACTGCCTAAGACC-30, using NEDD8
cDNA cloned in pGEM-T EASY as a template, and cloned into the
BamHI site of pcDNA3.1/His C (Invitrogen) to generate pcDNA-His-
NEDD8. Hemagglutinin (HA)-tagged ubiquitin expression plasmid,
pCGN-HA-Ub,was kindlyprovidedbyM.Nakao (KumamotoUniver-
sity). To construct pCGN-HA-NEDD8, a PCR method was used with
primers, 50-CGTGCTCGTCTAGAATGCTAATTAAAGTGAAGACGCT-30
and 50-CGTGCTCGGGTACCTCACTGCCTAAGACCACCTC-30, and
pcDNA-His-NEDD8 as a template. The resultant fragment was
cloned into the XbaI-KpnI site of pCGN-HA.
2.3. Puriﬁcation of His-tagged NEDD8
For puriﬁcation of His-tagged NEDD8, cells were lysed in lysis
buffer [50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, 1% Non-
idet P-40, 10 lg/mL phenylmethanesulfonyl ﬂuoride, 10 lg/mL
aprotinin, 10 lg/mL leupeptin, 1 mM dithiothreitol]. Lysates were
incubated with Ni–NTA beads (Qiagen) for 2 h at 4 C with con-
stant rotation.
2.4. Immunoblot analysis
Protein samples were separated by SDS–polyacrylamide gel
electrophoresis and blotted onto Immobilon polyvinylidene diﬂuo-
ride membrane (Millipore). Each protein was detected using pri-
mary antibodies, horseradish peroxidase-conjugated secondary
antibodies, and ECL detection reagent (GE Healthcare).
2.5. Antibodies
Anti-caspase-7 monoclonal antibody (M053-3), anti-NEDD8
polyclonal antibody (PM023), and anti-XIAP monoclonal antibody(M044-3) were obtained from Medical and Biological Laboratories;
anti-GFP monoclonal antibody (1814460), anti-HA monoclonal
antibody (1666606), and anti-HA rat monoclonal antibody
(1867423) were from Roche; anti-DsRed polyclonal antibody
(632496) was from Clontech; anti-GFP polyclonal antibody
(A6455) used for immunoprecipitation was fromMolecular Probes.
2.6. Immunoprecipitation
For immunoprecipitation experiments, cells were lysed in lysis
buffer [50 mM Tris–HCl (pH 7.5). 150 mM NaCl, 20 mM NaF, 1%
Nonidet P-40, 10 lg/mL phenylmethanesulfonyl ﬂuoride, 5 mM
EDTA, 10 lg/mL aprotinin, 10 lg/mL leupeptin, 1 mM dithiothrei-
tol, 10 lM MG132, 10 mM N-ethylmaleimide]. Lysates were incu-
bated with anti-GFP polyclonal antibody or anti-XIAP monoclonal
antibody together with 5% (vol/vol) protein G Sepharose (GE
Healthcare) for 2 h at 4 C. Cell lysates and immunoprecipitates
were separated by SDS–PAGE and immunoblotted with the indi-
cated antibodies.3. Results and discussion
It was reported that XIAP works as a NEDD8–E3 ligase by itself
and for caspase-7 [29]. However, the elevation of free NEDD8 level
relative to ubiquitin was suggested to trigger neddylation by ubiq-
uitination enzymes [30]. Therefore, we set out to conﬁrm whether
XIAP targets caspase-7 for neddylation in cells. After coexpression
of caspase-7 and XIAP in the presence of His-tagged NEDD8, conju-
gated proteins were afﬁnity puriﬁed using nickel columns (Fig. 1).
Although the expression level of His-tagged NEDD8 was much low-
er than that of endogenous NEDD8, neddylated proteins were de-
tected in cell lysates (Fig. 1, NEDD8 blot in lower panel), and the
neddylation was enhanced by the presence of XIAP (compare lane
2 with lane 3). Consistently, the level of neddylation in the pres-
ence of XIAP after afﬁnity puriﬁcation was higher than that in
the absence of XIAP (Fig. 1, NEDD8 blot in upper panel, compare
lane 2 with lane 3), suggesting that XIAP could function as
NEDD8–E3 ligases for some proteins. Under these conditions, the
presence of neddylated caspase-7 was assessed by immunoblot
analysis of the eluates. Modiﬁed caspase-7-GFP was detected in
addition to caspase-7-GFP band in the presence of XIAP (Fig. 1,
casp7 blot in upper panel, lane 3), while the non-modiﬁed cas-
pase-7-GFP bands which seemed to bind non-speciﬁcally to nickel
columns was detected (lanes 1–3), and the modest modiﬁed cas-
pase-7-GFP bands were also detected in the absence of XIAP (lane
2). Under these conditions in which caspase-7 and XIAP were over-
expressed in the presence of His-NEDD8 and conjugated proteins
were afﬁnity puriﬁed using nickel columns, we conﬁrmed that
neddylation of caspase-7 was mediated by XIAP as reported previ-
ously [29].
Since the increase in the free NEDD8 to ubiquitin ratio triggers
activation of NEDD8 by the ubiquitin–E1 enzymes [30], we set out
to compare the E3 ligase activity of XIAP for ubiquitin and NEDD8
in cells (Fig. 2). Ubiquitin and NEDD8 tagged with HA were con-
structed in pCGN plasmid to drive the expression of each protein
under the control of cytomegalovirus promoter, thereby the levels
of exogenously expressed HA-ubiquitin and HA-NEDD8 were ex-
pected to be at equivalent levels. To compare the expression levels
of HA-ubiquitin and HA-NEDD8, the expression plasmids, pCGN-
HA-Ub and pCGN-HA-NEDD8, were transiently transfected into
293T cells, and HA-tagged ubiquitin and NEDD8 were detected
with anti-HA antibody (Fig. 2A). Although a band corresponding
to monomer HA-ubiquitin, but not monomer HA-NEDD8, was de-
tected, multiple bands with higher molecular weight were seen
(lanes 2 and 3), suggesting that HA-ubiquitin and HA-NEDD8 were
Fig. 1. Detection of neddylated caspase-7 after puriﬁcation of His-NEDD8. 293T
cells were transfected with pcasp7-Wt-GFP, pcDNA-His-NEDD8, and pDsRed-XIAP-
Wt as indicated. After incubation for 30 h, lysates were puriﬁed with nickel column
for His-NEDD8 proteins. The input lysates (lower panels) and the puriﬁed His-
tagged proteins (upper panels) were fractionated by SDS–PAGE and immunoblotted
with antibodies as indicated.
Fig. 2. Modiﬁcation of XIAP with ubiquitin and NEDD8. (A) 293T cells were
transfected with pCGN-HA-Ub or pCGN-HA-NEDD8 as indicated. After incubation
for 24 h, lysates were fractionated by SDS–PAGE and immunoblotted with anti-HA
antibody. (B) 293T cells were transfected with pDsRed-XIAP-Wt, pDsRed-XIAP-Mu,
pCGN-HA-Ub, and pCGN-HA-NEDD8 as indicated. DsRed-XIAP-Mu contained a
C450A mutation that abrogates its E3 activity. After incubation for 30 h, lysates
were immunoprecipitated with anti-XIAP antibody. The input lysates (lower
panels) and the immunoprecipitates (upper panels) were fractionated by SDS–
PAGE and immunoblotted with antibodies as indicated.
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levels of modiﬁed proteins with ubiquitin were much higher than
that with NEDD8 (compare lane 2 with lane 3). This difference may
suggest that the total enzyme activities for ubiquitination is higher
than those for neddylation, or that ubiquitin is more stable than
NEDD8. Under these conditions, we compared the E3 ligase activ-
ities of XIAP for ubiquitin and NEDD8 (Fig. 2B). Although modiﬁed
DsRed-XIAP bands were detected in addition to DsRed-XIAP when
coexpressed with HA-ubiquitin (DsRed blot in lower panel, lane 3),
modiﬁed DsRed-XIAP bands with HA-NEDD8 were obscure (lane
5). To further conﬁrm whether DsRed-XIAP was neddylated in
cells, we puriﬁed DsRed-XIAP by immunoprecipitation with anti-
XIAP antibody, and detected neddylated proteins with anti-NEDD8
antibody (NEDD8 blot in upper panel). The modiﬁed bands corre-
sponding to neddylated DsRed-XIAP-Wt were seen, and the bands
disappeared by the RING ﬁnger mutation, C450A, of XIAP thatabolishes E3 ligase activity [9] (compare lane 5 with lane 6). These
results strongly suggested that XIAP could function as a NEDD8–E3
Fig. 3. Modiﬁcation of caspase-7 with ubiquitin, but not NEDD8, mediated by XIAP.
293T cells were transfected with pDsRed-XIAP-Wt, pcasp7-Wt-GFP, pCGN-HA-Ub,
and pCGN-HA-NEDD8 as indicated. After incubation for 30 h, lysates were
immunoprecipitated with anti-GFP antibody. The input lysates (lower panels) and
the immunoprecipitates (upper panels) were fractionated by SDS–PAGE and
immunoblotted with antibodies as indicated.
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sed with HA-NEDD8.
Although the ubiquitinated bands of DsRed-XIAP were detected
when wild type XIAP was expressed with HA-ubiquitin, these mod-
iﬁcations were efﬁciently inhibited by the C450A mutant of XIAP
(Fig. 2B, DsRed blot in upper panel, compare lane 3 with lane 4),
conﬁrming the self-ubiquitination activity ofXIAPas reportedprevi-
ously [11]. Unexpectedly, the multiple modiﬁed bands of DsRed-
XIAP-Mu were also detected when XIAP was overexpressed with
HA-ubiquitin, however to a lesser extent than DsRed-XIAP-Wt (HA
blot in upper panel, compare lane 3 with lane 4). Since it wasreported that the RING domain of cIAP1 allowed it to bind directly
to the RING of XIAP, causing its ubiquitination and degradation by
the proteasome [33], the modiﬁed bands of DsRed-XIAP-Mu may
be mediated by cIAP1. As compared with the ubiquitinated bands
of DsRed-XIAP-Wt, the neddylated bands of DsRed-XIAP-Wt were
hardly detected under the same conditions in which HA-NEDD8
was coexpressedwithDsRed-XIAP-Wt (DsRedandHAblots inupper
panel, compare lane 5 with lane 3). These results suggested that the
activity of NEDD8–E3 ligase of XIAP by itself was much lower than
that of ubiquitin–E3 ligase.
To examine whether XIAP targets caspase-7 for neddylation,
DsRed-XIAP-Wt and caspase-7-GFP were overexpressed in combi-
nation with HA-NEDD8 (Fig. 3). Although modiﬁed proteins of cas-
pase-7-GFP were detected with anti-GFP antibody in whole cell
lysate when HA-ubiquitin was coexpressed, there is no modiﬁed
band with HA-NEDD8 (Fig. 3, GFP blot in lower panel, compare lane
4 with lane 5), suggesting that XIAP functions as a ubiquitin–E3 li-
gase, but may not a NEDD8–E3 ligase, for caspase-7. To further
conﬁrm these results,we puriﬁed caspase-7-GFP by immunoprecip-
itationwith anti-GFP antibody, and detectedmodiﬁed proteinswith
anti-GFP and anti-HA antibodies. Modiﬁcation of caspase-7-GFP
was observed when HA-ubiquitin, but not HA-NEDD8, was coex-
pressed with DsRed-XIAP-Wt (GFP and HA blots in upper panel,
compare lane 4 with lane 5). These results indicated that XIAP does
not function as a NEDD8–E3 ligase for caspase-7 in vivo.
We observed the modiﬁcation of caspase-7 with His-NEDD8 by
XIAP (Fig. 1), while we showed that XIAP did not modify caspase-7
with HA-NEDD8 (Fig. 3). This discrepancy may be explained by less
puriﬁcation efﬁciency of His-NEDD8 using nickel columns, because
the non-modiﬁed caspase-7-GFP band was detected despite the
presence of His-NEDD8 after puriﬁcation by nickel columns
(Fig. 1, casp7 blot in upper panel). These results suggested that
nickel columns have a non-speciﬁc binding to some proteins other
than His-tagged proteins, and modiﬁed caspase-7-GFP bands may
contain ubiquitinated caspase-7-GFP proteins. Therefore, we con-
cluded that XIAP does not function as a NEDD8–E3 ligase for cas-
pase-7 from the data described in Fig. 3.
Broemer et al. [29] identiﬁed three NEDD8-speciﬁc isopeptidas-
es that, when knocked down, prevented apoptosis by using sys-
temic in vivo RNAi analysis in Drosophila. In addition, they
proved that null mutants of one of these genes, NEDD8-speciﬁc
deneddylase 1, suppressed cell death induced by IAP antagonists,
Reaper (Rpr) and Head involution defective (Hid). The report
strongly suggested that the protein modiﬁcations with NEDD8 play
essential roles in the regulation of apoptosis. Furthermore, it was
also suggested that Drosophila and mammalian IAPs could function
as NEDD8–E3 ligases by itself and for caspases as well as ubiqui-
tin–E3 ligases. Although our results described here do not deny
the signiﬁcance of neddylation in the apoptosis regulation in Dro-
sophila, careful examinations will be needed to explore the
NEDD8–E3 ligase activities of IAPs.
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